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Dorsal raphe serotonergic neurons suppress
feeding through redundant forebrain circuits
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ABSTRACT

Objective: Serotonin (5HT) is a well-known anorexigenic molecule, and 5HT neurons of dorsal raphe nucleus (DRN) have been implicated in
suppression of feeding; however, the downstream circuitry is poorly understood. Here we explored major projections of DRN®MT neurons for their
capacity to modulate feeding.

Methods: We used optogenetics to selectively activate DR axonal projections in hypothalamic and extrahypothalamic areas and monitored
food intake. We next used fiber photometry to image the activity dynamics of DRN®T axons and 5HT levels in projection areas in response feeding
and metabolic hormones. Finally, we used electrophysiology to determine how DRN®HT axons affect downstream neuron activity.

Results: We found that selective activation of DRN®"" axons in (DRNE"'IT — LH) and (DRN5HT — BNST) suppresses feeding whereas activating
medial hypothalamic projections has no effect. Using in vivo imaging, we found that food access and satiety hormones activate DRNSHT pro-
jections to LH where they also rapidly increase extracellular 5HT levels. Optogenetic mapping revealed that DRN®HT — LH'®AT and DRN®T —

N5HT

LHVGMZ

connections are primarily inhibitory and excitatory respectively. Further, in addition to its direct action on LH neurons, we found that SHT

suppresses GABA release from presynaptic terminals arriving from AgRP neurons.

Conclusions: These findings define functionally redundant forebrain circuits through which DR

these projections can be modulated by metabolic hormones.

N°"T neurons suppress feeding and reveal that

© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity and eating disorders have been on steady rise over the last few
decades and constitute significant burden to overall healthcare system.
Serotonergic dysregulation has been implicated in both obesity and
anorexia nervosa (AN). Overactive serotonergic neurons have been
linked to AN and consistently, multiple human GWAS studies have
identified polymorphisms in 5HT receptor (5HTR) subunits from AN
patients [1—4]. Conversely, obesity decreases serotonin levels in hy-
pothalamus [5,6].

Serotonin is a well characterized anorexigenic molecule [7,8]. Selective
activation of DRN®"T neurons was causally linked to appetite sup-
pression [9,10]. Consistently, cFos activity mapping showed increased
DRN neuronal activity with feeding [11,12]. However, the downstream
pathways through which DRN®"T axons mediate their anorexic effects
are poorly understood.

Within the forebrain, DRNMT neurons make widespread projections;
however, much of the effort to understand serotonergic regulation of
feeding has focused on mediobasal hypothalamic structures. Arcuate

nucleus (ARC) harbors appetite regulating neurons that express various
5HTR subtypes, whose activation would be expected to reduce feeding
[13,14]. Direct intracranial injections of 5HT or fenfluramine into various
hypothalamic nuclei have been shown to suppress feeding [15,16]. For
example, paraventricular hypothalamus (PVN) is one of the most sen-
sitive sites to anorexigenic effect of 5HT injections. However, both
retrograde and anterograde anatomical studies showed that projections
from DRN®"T neurons to these regions are so sparse that it is not clear
whether these axons have functional significance [17—19]. Conversely,
DRN®"T neurons make dense projections to lateral hypothalamus (LH)
[18],and feeding increases LH 5HT levels [20—22]. However, fenflur-
amine injections into this region were reported not to suppress appetite
[16]. Thus, it remains to be seen whether LH and other forebrain
projections of DRN®HT neurons have functional relevance to feeding.
Furthermore, it is also unknown whether and how these pathways
respond to metabolic hormones that regulate energy homeostasis.

Here, we examined the major hypothalamic and extrahypothalamic
projections of DRN®"T neurons and identified LH and bed nucleus of the
stria terminalis (BNST) as mediators of their anorexigenic phenotype.
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We showed acute 5HT dynamics in LH and BNST and Ca?t level
changes in DRN and its projection to LH and BNST in response to
feeding and metabolic hormones.

2. METHODS

2.1. Animals

Mice used in this study were housed on 12-h light and dark cycle at
20 °C—24 °C, having ad libitum access to standard chow food and
water unless noted otherwise. Cre-recombinase-expressing lines Sert-
cre (B6.129(Cg)-Slc6a4™ X2/ Jackson Labs Stock 014554) and
Agrp-ires-cre (Agrp™©®LoW " jackson Labs Stock 012899) were
back-crossed with C57BL/6 (Jackson Labs Stock 000664) for main-
tenance. Electrophysiological and behavioral studies were performed
with 6—12 weeks old male and female mice. Animal care and
experimental procedures were approved by The University of lowa.

2.2. Stereotaxic surgeries

2.2.1. rAAV injections

Stereotaxic surgeries were performed as described previously [50].
Briefly, 1—2 months old mice were anaesthetized with isoflurane in the
stereotaxic instrument (David Kopf instruments, Tujunga-CA). Skull was
exposed with an incision on the scalp and drilled for injection. ~200—
600 nL virus was injected intracranially using a pulled glass pipette
(Drummond Scientific, Wiretrol, Broomall-PA) with 50 pum tip diameter.
Viral injections were performed on DRN (bregma: —3.80 mm, midline:
40 mm, dorsal surface: —2.50 mm) and ARC (bregma: —1.15 mm,
midline: +-0.30 mm, dorsal surface: —5.70 mm) by a micromanipulator
(Narishige, East Meadow, NY), allowing 10 min time for the injection.
The 5HT,, sensor injections were conducted on LH (bregma:
—1.15 mm, midline: +=1.00 mm, dorsal surface: —5.10 mm), or BNST
(bregma: +0.62 mm, midline: +-0.42 mm, dorsal surface: —4.45 mm).
Optic fiber placement was performed after removing the pipette. At
least 4—6 weeks were given for animal recovery and transgene and
sensor expression before further experiments.

2.2.2. Optical fiber placement

For the optogenetic stimulation, the ferrule capped optical fiber
(200 pm core diameter, NA = 0.50, ThorLabs) was implanted above
LH (bregma: —1.15 mm, midline: +=1.00 mm, dorsal surface: —4.80),
PVN (bregma: —0.60 mm, midline: 0 mm, dorsal surface: —4.45),
and BNST (bregma: +-0.62 mm, midline: 0.42 mm, dorsal surface:
—4.15). For the fiber photometry recordings, we implanted the optical
fiber (400 um core diameter, NA = 0.48, Thorlabs) over LH (bregma:
—1.15 mm, midline: =1.00 mm, dorsal surface: —4.90), BNST
(bregma: +0.62 mm, midline: +0.42 mm, dorsal surface: —4.25), or
DRN (bregma: —3.80 mm, midline: +0 mm, dorsal surface:
—2.30 mm).The ferrule tip locations were positioned to be approxi-
mately 300 pm above the area for the photostimulation and 100—
200 um above the area for the fiber photometry. Ferrule placements
were performed following the injections and held with dental cement.

2.3. Behavioral studies

2.3.1. Mapping of DRS¥T neuronal projections
To address this, DRNS®'T neurons were transfected with AAV-FLEX-
GFP (Addgene 51502) virus in Sert-cre mice. After 4—6 weeks for the
recovery and the transgene expression, the brain was enucleated as a
following of cardiac perfusion. The brains were fixed in 4% of para-
formaldehyde (PFA) solution for 4 h. Then, PFA was replaced with 30%

sucrose solution. After a few days, 100 pm of brain slices starting from
DRN to forebrain were obtained by using Vibratome. Next, brain slices
were stained with GFP antibody (Abcam Ab290, 1:1000 dilution). After
immunostaining, they were imaged by Slide Scanner Microscope
(Olympus) and shown in Figure S1.

2.3.2. Food intake during optogenetic stimulation

For optogenetic stimulation, DRNSERT neurons were transfected with
AAV5-FLEX-ChR2-EYFP (Addgene 20298) or control AAV5-FLEX-
tdTomato (Addgene 28306). Following recovery time, animals were
single housed in custom-made plexiglass cages. In the cages, ani-
mals had cotton bedding and free access to chow food and water.
Before the optogenetic stimulation, animals were handled for 3—4
days by being tethered to the optic fiber for acclimatization. Baseline
food intake was measured for 4—5 days with tethered animals,
without stimulation. Stimulation was performed at dark onset to
determine anorexigenic effect. In Figure 1, the pre-stimulation food
consumption was measured between ZT10 and ZT12. Stimulation
(20 Hz, 18 mW, 10 ms pulse width, and 1 s on-3 s off) was done
between ZT12 and ZT0. Food intake was measured at2 h, 4 h, 12 h
time points. To determine effect of stimulation on refeeding, animals
were fasted for 18 h, stimulation was started 15 min before food
access; then, the food intake was measured at 30 min, 1 h, and 2 h.
Same experiment, without the stimulation was performed as control
experiment. Light onset photo-stimulation where ZT2-4, ZT4-6 and
/T6-8 were accepted as pre-stimulation, stimulation, post-
stimulation, respectively. Food intake was measured at the end of
each time interval.

2.3.3. Real-time place preference, elevated plus maze, open field
assays

Real time place preference is performed as described previously [32],
briefly: DRNSERT-C"R2 _, | 4 and DRNSERTOTOM _, | H mice were put in
a custom-made behavior chamber (25 x 50 x 25 cm), where one half
of the chamber was coupled with constant 10 Hz photostimulation and
no photostimulation was applied on the other half of the chamber. Mice
were traced with CCD camera by EthoVision15 for 30 min. Time spent
on each side of the chamber was recorded.

Elevated plus maze: Plus maze setup with two open arms (5 x 35 cm)
and two closed arms (5 x 35 x 20 cm) was elevated for 35 cm.
DRSERT:CHRZ _, | H and DRSERTPTO™ _, | H mice were placed in the
center of the maze, facing towards the open arm and were photo-
stimulated and monitored for 5 min. The tests were recorded with a
CCD camera and analyzed with EthoVision15 software.

Open field assay: DRSFT-CR2 | 4 and DRSERTDTOM _, | H mice
were placed in an open field test chamber (40 x 40 x 40 cm) and
stimulated with the pulse protocol for 10 min. The assay was traced
with a CCD camera and analyzed by EthoVision software.

2.4. Electrophysiology

P60—P80 mice were sacrificed 4—6 weeks after intracranial ChR2-
eYFP or GFP expressing virus injection, to ensure sufficient expres-
sion in distant terminals or soma. Brains were immersed in a 95% 0,/
5% CO, aerated ice-cold cutting solution including (in mM): 234 su-
crose, 28 NaHCO3, 7 dextrose, 2.5 KCI, 7 MgCl,, 0.5 CaCl,, 1 sodium
ascorbate, 3 sodium pyruvate and, 1.25 NaH,P0O4, and 300 pm thick
fresh slices containing the hypothalamus were obtained with vibra-
tome and transferred to 95% 0,/5% CO, aerated artificial cerebro-
spinal fluid (aCSF) containing (in mM): 119 NaCl, 25 NaHCOs3, 11
dextrose, 2.5 KCl, 1.25 MgCl,, 2 CaCl,, and 1.25 NaH,P04. The
sections were incubated in this solution for approximately 30 min in the
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room temperature and then, placed in the recording chamber. Cell-
attached and whole-cell patch clamp recordings were performed on
LH, PVN and BNST neurons using electrodes with 4—5 MQ tip re-
sistances. aCSF was used as the pipette solution for cell-attached
recordings. MultiClamp 700B Amplifier (Molecular Devices, San
Jose, CA) and Axon™ pCLAMP™ 10.6 software (Molecular Devices,
San Jose, CA) were used to obtain and analyze data. Blue light is
delivered through objective using light pulses generated by CoolLED.
LH, PVN, and BNST recordings were performed from randomly
selected cells in Sert-cre mice using loose seal. Multiple sweeps were
collected for each cell. Change in firing rate during photostimulation
was defined as at least 25% consistent increase (or decrease) in
average firing rate during photostimulation (30 s—60 s) compared to
prestimulation baseline period (0 s—30 s) across sweeps. In Agrp-ires-
cre mice, whole cell voltage clamp recordings (using cesium chloride
based pipette solution) from ARCA9" — LH and ARCM* — PN
terminals were performed before and after adding of CP-94253
(200 nM 5-HT1B agonist) into bath of the acute slice to show the
impact of 5-HT1B agonist on ARCA"" — LH and ARC"9"" — PVN
synaptic connections (respectively, Figures 4 and Figure S6). To test
the effect of added CP-94253, 5—10 min baseline was recorded, and
drug was perfused in bath solution. Traces in which average post-drug
activity remain within +-20% of baseline regarded as unresponsive.

2.5. In vivo fiber photometry recording and analysis

For Ca?* imaging, DRNS®"T neurons were transduced with AAV-CAG-
DIO-GCaMP7s (Addgene 104495) for somatic from DRN imaging and
with AAV-FLEX-AxonGCaMP6s (Addgene 112010) for axon terminal
imaging from LH or BNST. For 5HT imaging, forward AAV virus
expressing 5HT», (WZ-biosciences) was stereotaxically delivered to LH
or BNST using above coordinates. Following surgery recovery, animals
were single housed in custom made plexiglass cages with free access
to chow food and cotton bedding and allowed for 1—2 days of accli-
matization to the cage. Then, the mice were tethered to the fiber optic
fiber (400 um core, 0.48 NA, bundled fibers, Doric Lenses). The
connection area between the implanted ferrule and the optic cable
were covered with black ceramic mating sleeves (Thorlabs). Mice were
allowed 3—4 days to acclimate being tethered before the fiber
photometry experiments. Briefly, fiber photometry was recorded at
3 Hz sampling rate, using Doric FP Bundle Imager (Doric Lenses). Light
intensity for each wavelength at the end of the tip was set to be
approximately 30—50 pW. We recorded Ca®" or 5HT level changes in
response to food and satiety cocktails after 16 h fasting and to the
ghrelin hormone under fed condition. For the analysis, we fitted the
isosbestic signal (405 nm) to the Ca2+/5HTgh dependent (465 nm)
signal using the linear least squares fit in a custom MATLAB script.
Then, we calculated the AF/F as (465 nm — fitted 405 nm)/(fitted
465 nm). To account for the inter-animal differences in signal in-
tensities, we calculated the z-scores for the baseline period which was
determined as the 5—10 min before the administration of object/food
and saline/metabolic hormones. After the post hoc analysis, mice were
eliminated by the off-target fiber tip location and virus or sensor
expression.

2.6. Single cell rt-PCR

Following the patch-clamp recordings, cytoplasmic contents of the
neurons were aspirated into patch-clamp pipettes and then were
transferred into microtubes with RNA extraction buffer. Total RNA
extraction (PicoPure RNA Extraction Kit, Thermo Fisher Scientific,
Waltham, MA), and first strand cDNA synthesis (RevertAid First Strand
cDNA Synthesis Kit, Thermo Fisher Scientific, Waltham, MA), were
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followed with PCR in 20 pl reaction buffers, containing 1 pl of the
single cell cDNA and the specific primers for Vgat mRNA (Forward: 5'-
TCCTGAAATCGGAAGGCGAG-3/, Reverse: 5'-CAGCACGAACATGCCCT-
GAA-3'), Vglut2 mRNA (Forward: 5'-CAGCAAGGTTGGCATGTTGT-3/,
Reverse: 5-ACTGCAAGCACCAAGAAGGA-3’), and ACTB mRNA (For-
ward:5’-AAGGCCAACCGTGAAAAGAT-3, Reverse:5’-GTGGTACGACCA-
GAGGCATAC-3'). A second round of PCR was performed with 0.5 pl of
the products of first round. Final products were then monitored with
2% agarose gels for the presence/absence of the genes.

2.7. Immunohistochemistry, fixed tissue imaging and post hoc
analysis

Anesthetized mice were transcardially perfused with 4% para-
formaldehyde in phosphate buffer saline (0.1 M pH 7.4) and decapitated.
Brains were collected, incubated in the same fixative for 4 h and
transferred to 30% sucrose solution overnight. 100 pum brain sections
were collected with vibratome and the sections were blocked in PBS-T
containing 5% normal goat serum for 1 h at room temperature. Blocking
solution with the primary antibody (anti-GFP, 1:1000, Abcam Ab290)
was then added on the sections. Following an overnight incubation
at +4 °C, sections were rinsed with PBS-T. Secondary antibody (goat
anti-rabbit IgG (H + L) Alexa Flour 488, 1:500, Invitrogen) was added on
the sections and incubated for 1 h at room temperature. Sections were
then rinsed, transferred to microscope slides and mounted with Fluo-
romount (Sigma F4680). Imaging was performed by confocal micro-
scopy (FV3000 Confocal Scanning Microscope, Olympus) and slide
scanner microscope (VS200 Slide View, Olympus).

2.8. Statistical analysis

All results were represented as Mean 4+ SEM. Differences between
two groups were tested with paired and unpaired Student’s t-tests. For
more than 2 groups, the statistical comparison was measured by two-
way repeated measures ANOVA using Prism 8.1 (GraphPad Software
Inc.). N represents mice or neuron numbers as indicated for each
experiment. A p-value <0.05 was considered to be statistically sig-
nificant. Custom MATLAB codes are available upon request.

3. RESULTS

3.1. DRN®T neurons inhibit appetite through redundant forebrain
pathways

Serotonergic neurons of DRN make extensive projections throughout
the forebrain [18]. We first verified the extent of these projections using
anterograde tracing. For this, DRN of Sert-cre mice were transduced
with AAV-FLEX-GFP and sections from various appetite-related fore-
brain areas were examined (Figure S1). In agreement with previous
reports, we observed robust projections to lateral hypothalamus (LH)
and bed nucleus of stria terminalis (BNST) among other regions. Of
note, there was limited innervation in medial hypothalamic areas
known to be involved in appetite regulation. Specifically, sparse pro-
jections were observed in paraventricular hypothalamic nucleus (PVN)
and extremely sparse innervation was found in the arcuate nucleus of
hypothalamus (ARC).

To determine whether these projections have the capacity to influence
appetite, we prepared three separate sets of mice and selectively
stimulated DRNS®RT axonal projections to LH, BNST and PVN using
optogenetics (Figure 1A). Stimulation of DRNS®T — LH and
DRNSERT . BNST projections caused significant reduction in dark
onset feeding, whereas DRNSERT — PN had no impact in mice with ad
libitum food access (Figure 1B—D). DRNSERT — LH projection was also
effective at suppressing refeeding in fasted mice but did not change
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Figure 1: Stimulation of DRNSERT axons suppress feeding through multiple forebrain targets. (A) Schematic diagram for stimulation of serotonergic axonal projections from
DRN to LH, BNST, and PVN (upper). ChR2 expression in DRNSE®" neurons in Sert-cre mice (lower). (B—D) Representative photomicrograph showing ChR2 expressing DRNSERT axons

and dark onset food intake in response to DRSERT:CMR2

axonal photostimulation in LH (B), BNST (C), and PVN (D) of ad libitum-fed mice areas. N = 8—18 mice, Two-way repeated

measures ANOVA; **p < 0.01, ***p < 0.001, ****p < 0.0001; (FT, fiber track, yellow dashed line, scale: 200 pm). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

ad libitum food intake in daytime. Conversely, DRNS®T — BNST
stimulation did not influence refeeding response in fasted mice
(Figure S2). These results suggest that LH and BNST are downstream
targets of DRNSERT neurons in mediating its anorexigenic effect.

3.2. DRN®"T neurons respond to food and metabolic signals in a
projection specific manner

Although the DRN serotonergic axons to LH and BNST have the ca-
pacity to suppress feeding, it is unclear whether these projections are
part of physiological satiety mechanisms and recruited by satiation. To
understand in vivo DRNSERT neuronal activity dynamics during feeding,
we performed Ca?* based fiber photometry imaging from Sert-cre
mice in which DRN was transduced with AAV-CAG-DIO-GCaMP7s.
Mice were overnight fasted and given access either to an inedible
object or chow food (Figure 2A). DRNSERT neuronal activity spiked
briefly with access to both object or food; however, this activity rapidly
went back to baseline levels within a few seconds as refeeding
continued (Figure 2B,C). We also tested whether DRNS®FT neurons
respond to metabolic hormones. Intraperitoneal injections of neither a
cocktail of satiety hormones (CCK, amylin and PYY) nor the hunger
hormone ghrelin caused a significant change in overall activity
(Figures 2D, E and S3).

Since fiber photometry gives an average read-out of cumulative
DRNSERT neuronal activity, lack of food-specific response might be due
to response-heterogeneity among labeled neurons. Thus, we decided
to image activity of individual DRNSERT neuronal projections. We
focused on projections to LH and BNST because selective activation of
these projections was sufficient to suppress feeding. For this, we
expressed axon targeted GCaMP6s in DRNSE®T neurons and placed an
optical fiber over the LH or BNST (Figures 2F and S4A). We found that
DRNSERT . LH axonal activity rapidly increased with food access
(Figure 2G,H). Although there was a trend in DRNS®"T — BNST pro-
jection, this was not statistically significant over object access

(Figure S4B and C). Conversely, satiety hormones rapidly increased
Ca?t activity in the DRN axonal terminals in both LH and BNST
(Figures 2I, J and S4D, E), but there was no response to ghrelin
(Figure S3). These results show that activity of DRNS® neuronal
projections in LH increases with food, and both LH and BNST terminals
respond to satiety hormones.

3.3. 5HT levels in LH and BNST increase with satiety

To better understand how food and metabolic hormones affect sero-
tonergic dynamics in the identified downstream targets, we used a
fluorescent 5HT sensor, GRAB-5HT-, in LH and BNST. A viral vector
carrying GRAB-5HT,, was stereotaxically delivered into LH or BNST,
over which an optical fiber was placed for in vivo imaging (Figures 2K
and S4F). Notably, food access caused a rapid and significant increase
in fluorescence signals in both LH and BNST, suggesting that 5HT
levels quickly rise with feeding (Figures 2L, M and S4G, H). Similarly,
intraperitoneal injection of satiety cocktail caused a significant increase
in both regions (Figures 2N, O and S4l, J). Neither region had
detectable change in 5HT levels in response to ghrelin injection
(Figure S3). Collectively, these results show that serotonergic input
onto LH and BNST target regions is sensitive to food access as well as
metabolic hormones signaling satiety.

3.4. DRNS®"T — LH projection is aversive and anxiogenic

Our results suggest that both LH and BNST downstream targets receive
increased serotonergic drive in response to satiety hormones and
feeding. Although these findings suggest that this pathway might be
involved in physiological satiety, reduction in food intake can also occur if
these projections are associated with negative valence. Therefore, we
tested anxiogenic properties of DRN downstream targets by focusing on
DRNSERT — LH connection. We performed a close loop active place-
preference assay to test whether DRNSERT axons in LH is aversive or
rewarding. We found that mice strongly avoided the stimulated side,
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Figure 2: Food and satiety hormones alter activity in DRNS®"T — LH axonal terminals and 5HT levels in LH. (A) Schematic and representative image of GCaMP7s
expressing DRNSERT soma and optic fiber placement above DRN. (B,C) Average fiber photometry traces of DRN GCaMP7s activity in response to chow food and object presentation
under fasting condition (B) and quantification of mean signals (C). (D,E) Same as in (B,C) except GCaMP7s response to intraperitoneal (i.p.) injection of saline or a cocktail of satiety
hormones (3 ng/kg CCK, 10 pg/kg PYY, 10 pg/kg Amylin) were measured under fasting condition. (F—J) Same as (A—E) except, DRNSERT neurons were transduced with
AxonGCaMP6s and fiber was placed on LH. (K) Schematic of in vivo SHT measurement and representative image of 5HT,;, sensor expression in LH. (L,M) Average fiber photometry
trace of 5HT levels in LH in response to chow food and object presentation under fasting condition (L) and quantification of mean 5HT,y, signal (M). (N,0) Same as in (B,C) except
5HT,;, response to intraperitoneal (i.p.) injection of saline or a cocktail of satiety hormones (3 pg/kg CCK, 10 pg/kg PYY, 10 png/kg Amylin) were measured under fasting condition.
(FT, fiber track, yellow dashed line, N = 4—6 mice/group, *p < 0.05, Student’s t-test, scale: 300 um). . (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

suggesting that activity in this projection is aversive (Figure S5A—C).
Consistently, in both elevated plus maze and open field assays we
observed increased anxiety-like behavior (Figure S5D—G). Thus, aver-
sive properties of DRNSE'T — LH projection may contribute to the
hypophagia observed with its optogenetic stimulation.

3.5. DRNSERT axons elicit heterogeneous response in target areas
To determine the downstream circuitry mediating anorexigenic effect
of DRN neurons, we performed acute slice recordings from innervated
areas, LH, BNST and PVN, while stimulating DRNSERT axons
(Figure 3A). Blind loose-seal recordings from both LH and BNST
showed heterogeneous response profiles in spontaneous firing rates of
target neurons such that some neurons increased their activity, while
others were suppressed in response to DRNSERT axonal photo-
stimulation; however, majority of neurons in both regions were unre-
sponsive (Figure 3B—F). Consistent with the weak innervation, we did
not detect any change in the activity of PVN neurons.

Previous studies showed that LH contains both orexigenic and
anorexigenic populations [23,24]. To determine the molecular identity
of LH neurons targeted by DRNSERT axons, we performed single cell rt-
PCR from neurons that changed activity in response to photo-
stimulation. LH neurons activated by DRN*ER" axons were all gluta-
matergic, whereas those suppressed were a mixed population, mostly
being VGAT+ (Figure 3G—I). Together, these results show a complex
innervation profile of DRN>RT axons in LH with multiple neuronal
subtypes targeted and differentially modulated.

3.6. Multiple routes of 5HT mediated modulation of LH neurons

To understand cellular basis of interaction between DRNSERT axons and
LH neurons, we performed whole cell voltage clamp recordings. We
found that LH neurons did not show any time-locked synaptic currents
in response to DRNSERT axonal photostimulation, suggesting that
DRNSE'T axons do not make any direct synaptic contact, which is in
striking contrast to the effect on spontaneous activity we observed with
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Figure 3: Photostimulation of DRI axons elicit heterogenous response in downstream targets. (A) Schematic diagram for evaluating the impact of DRNS®" axonal

photostimulation on LH, BNST, and PVN neurons. (B,C) Representative loose seal recording traces for various response patterns in action currents observed from randomly recorded
LH neurons upon stimulation of DRSERTCR2 _, | H axons (B). Summary pie chart depicting relative fraction of different responses in firing rates observed from recorded LH neurons
(C). No synaptic blockers were present. (D) Representative loose seal recording traces to show no response in action currents observed from randomly recorded PVN neurons upon
stimulation of DRNSERT:CNR2 _, pyN axons. (E,F) Same as in (B,C) except recorded from BNST neurons. (G—I) Single cell RT-PCR characterization of a subset of LH neurons that
responded to DRNSERT axonal photostimulation from (C). Representative image of gel electrophoresis outcomes of RT-PCR for two different cell types (G): VGAT-+, vGlut2—, and
VGAT—:vGlut2+. Summary pie chart of characterization of neurons in LH responded with increased (H) and decreased (I) activity pattern in response to stimulation of
DRSERTCNR2 _, | H axons (H, n = 6 neurons each).
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loose-seal recordings (Figure 4A,B). Thus, instead of synaptic con-
nections, DRNSERT axons likely modulate LH neurons through the
released 5HT. To confirm this, we performed loose seal recordings
from LH neurons and evaluated the effect of 5HT perfusion on spon-
taneous activity. Consistent with DRNSE"T axonal stimulation, phar-
macologic application of 5HT caused a mixed reaction on LH neuronal
activity with excitation being the primary response (Figure 4C—E). It is
likely that 5HT directly acts on LH neurons since these recordings were
performed in the presence of synaptic blockers. However, 5HT can also
modulate synaptic input through presynaptic 5HT receptors. Indeed,
whole cell recordings from LH neurons confirmed that both SEPSC and
sIPSC responses are sensitive to extracellular 5HT levels with the
dominant response being downregulation of synaptic input
(Figure 4F,G). These results suggest that DRNSERT axons likely
modulate LH neuronal activity through released 5HT, which can act
directly on LH neurons or downregulate its synaptic input.

3.7. 5HT directly suppresses GABA release from AgRP terminals

A key appetite-regulating synaptic input onto LH is derived from ARC 9"
neurons [25]. Serotonergic suppression of AgRP neuron activity has
been described before [14]; however, we could not detect any direct
DRNSERT axonal innervation to the ARC (Figure S1). It is possible that
serotonergic pathway might regulate the AgRP neuron output in its target
regions such as the LH. To test this possibility, we transduced ARCA9™"
neurons with ChR2 and performed whole cell recordings from LH
neurons. Consistent with previous reports, we identified direct
GABAergic synaptic connections from ARC*"" — LH [26]. Perfusion of
CP94253, agonist for 5SHT1BR which is the subtype expressed on AgRP
neurons, significantly suppressed magnitude of ARCPIRP synaptic cur-
rents onto LH neurons (Figure 4H—J). Although photoactivation of
DRNSERT — PUN projection did not change food intake, given dense
axonal innervation of PVN by AgRP axons, we tested whether these
terminals are also 5HT sensitive. Similar to AgRP connections to LH, we
found that AgRP — PVN connection is significantly suppressed by
CP94253, suggesting that other AgRP target areas may also be
modulated by 5HT (Figure S6). These findings support that 5HT sup-
presses AgRP neuron output at the level of pre-synaptic GABA release.

4. DISCUSSION

Here, we identified two forebrain regions, LH and BNST, through which
DRNSERT efferents acutely suppress feeding. Both food access and
peripheral satiety hormones changed activity of DRNSERT axonal ter-
minals in these regions. Consistently, using fluorescent 5HT sensor we
found that extracellular 5HT levels parallel the increased DRNSERT
axonal activity. These findings are in line with earlier dialysis studies
showing increased 5HT levels in LH in response to food and CCK and
that DRN projections to LH is anorexigenic [20,27—29] and provides
evidence that increased serotonergic activity extends to BNST as well.
Together with axonal imaging, our results suggest that DRN is a key
brain region supplying nutrient-related serotonergic input to these
regions to suppress food intake.

In striking contrast with projection measurements, neither food nor
satiety hormones caused a detectable change in DRNSERT activity when
measured from soma. Although there was a transient response to food
this was not specific since non-edible object caused a similar change.
These results are inconsistent with a recent report showing increased
GCaMP based activity in DRN 5HT neurons [10]. The underlying reason
for the discrepancy is unclear but it might be related to the difference in
recording duration, which was shorter in our case. Alternatively, DRN
5HT neurons may respond heterogeneously to food and satiety

hormones such that cumulative fiber photometry response would
become undetectable. Finally, food access and satiety hormones may
directly act on synaptic terminals of DRNSERT neurons and modulate its
output rather than increasing somatic firing rate. Regardless of the
mechanism, our findings confirm food and satiety hormone respon-
siveness of DRNSERT neurons and extend earlier observations by
providing temporal kinetics and projection specific effects.
Serotonergic regulation of feeding through LH has been poorly un-
derstood. 5HT was reported to inhibit orexin and MCH neurons [30,31]
in LH; however, these neurons have limited impact on satiety [32—34].
Our recordings from blindly targeted LH neurons suggested that
dominant response to pharmacologic 5HT application is excitation.
This appears to be mediated through both direct effect on LH neuronal
soma and modulation of synaptic inputs. Optogenetic activation of
DRNSERT axons elicited heterogeneous response in LH. Whole cell
recordings suggested that this interaction is not mediated by fast
synaptic transmission as we failed to detect any direct synaptic
connection. Nevertheless, we cannot rule out the possibility of GABA or
glutamate corelease that may act through their respective metabo-
tropic receptors. Our single cell rt-PCR experiments suggested se-
lective activation of glutamatergic and inhibition of GABAergic LH
neurons by DRNSERT axons. Given that LH GABA neurons stimulate
appetite, and vGlut2 neurons inhibit feeding [23,24], the heteroge-
neous neuronal response profile observed upon DR — LH pho-
tostimulation is consistent its hypophagic effect.

Serotonin receptors are extensively expressed in both LH and BNST
[35—38]. Heterogeneity of the target neuronal response in slice re-
cordings is likely mediated by direct serotonin action on multiple re-
ceptor subtypes as well as presynaptic modulation. We found that
BNST is another major DRN target capable of suppressing appetite.
Recent studies identified BNST as a relay hub receiving orexigenic
input from ARC and tuberal nucleus (TN) [25,39]. BNST, in turn, pro-
vides input back to ARC, LH and DRN [40—43] to modulate feeding.
Alternatively, DRNSERT — BNST input may promote hypophagia
through stimulation of aversive state and anxiety [44]. Interestingly,
even though BNST 5HT levels are highly responsive to food, this was
not observed with axonGCaMP imaging from DRN terminals in BNST,
suggesting that other serotonergic input may also contribute to food
induced 5HT release in this region. However, DRSSRT — BNST axonal
terminals were responsive to satiety hormones and its optogenetic
activation was anorexigenic.

Given the stimulating effect of satiety hormones on DRNSERT axons and
5HT release, we also examined whether the opposite is true for the
hunger hormone ghrelin. Indeed, it was shown that intra-DRN ghrelin
injection is sufficient to increase feeding [45]. In addition, based on
polysynaptic inhibition of DRNSERT neurons by AgRP axons, one of the
primary targets of ghrelin, it is predicted that ghrelin may inhibit DRNSER
activity and 5HT levels [9,46,47]. However, we found that neither soma
nor projection recordings from DRNSERT neurons showed any response
to ghrelin injections, suggesting that ghrelin induced appetite and
suppression of thermogenesis may not be through DRN suppression.
The interaction between serotonergic pathway and mediobasal hy-
pothalamic appetite circuits is thought to be bidirectional. ARG and
ARC"MC neurons are known to express 5HT receptor subtypes that
inhibit or activate them respectively. Recently, using anterograde
functional circuit mapping, AgRP and POMC neurons were shown to
receive direct input from DRNP" expressing neurons [10]. However,
with Sert-cre line to anterogradely label DRN serotonergic axons, we
found that innervation in the ARC was extremely sparse. Our results are
in line with retrograde viral tracing from AgRP neurons, which also
failed to identify somatic labeling in DRN neurons [17]. One possibility

8 MOLECULAR METABOLISM 69 (2023) 101676 © 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

is that distal dendritic branches AgRP and POMC neurons might be
exposed to DRNSERT axons. Indeed, such distal modulation was shown
for excitatory inputs [48]. In contrast to the limited ARC innervation,
DRNSERT neurons project heavily to some of the brain areas also
innervated by AgRP projections. Notably, we found that CP94253
directly inhibited synaptic currents elicited by AgRP axons in LH and
PVN [49], suggesting Gi-coupled 5HT1B-R on AgRP neurons directly
inhibit output at presynaptic level (Figure S7). Thus, serotonergic input
from DRN and potentially from other sources may also alter target
neuronal activity through modulation of release from AgRP axon
terminals.

In summary, we identified novel downstream forebrain circuits through
which DRNSERT neurons suppress feeding. Given that hyperactivation
of serotonergic neurons has been linked to anorexia [1,2], and obesity
suppresses serotonin levels in hypothalamus [5,6], future research is
warranted to determine how the activity in these circuits maladapt to
altered 5HT levels in order to refine potential therapeutic targets.
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